Most previous one-dimensional cochlear models (Peterson and Bogert, 1950; Zwislocki, 1950) , two-dimensional cochlear models (Lesser and Berkley, 1972; Sondhi, 1978) , nonlinear cochlear models (Hall, 1974) , active models (Neely and Kim, 1986) , and nonlinear active models (Diependaal, 1988) A second problem concerns the magnitude and phase of the cochlear input impedance at low frequencies. Previous cochlear models indicate that the cochlear input impedance significantly decreases in magnitude for frequencies below about 1 to 2 kHz. For the cat, models and experimental magnitude data of Lynch et al. (1982) are in disagreement by as much as 16 dB at 50 Hz. In the real cochlea, the scalae are tapered, with a decreased area at the apex. Also, in the real cochlea, the scalae fluids are viscous. These scalae-area changes and viscous losses play an important role at low frequencies (Koshigoe et al., 1983) . Only by including scalae tapering and viscosity can we hope to overcome the nonrealistic standing waves and hope to accurately model the cochlear input impedance at low frequencies.
In summary, there is a poor general understanding of low-frequency phenomena in the cochlea. In this paper we investigate low-frequency cochlear phenomena by modeling the cochlear input impedance.
There are other reasons besides low-frequency modeling questions that motivate us to study the cochlear input impedance. First, the mechanical "load" on the middle ear is the input impedance of the cochlea Z½ (co). Inaccurate representations of Z½ will result in the middle-ear model parameters that are not representative of the physical system. A good model for Z½ is necessary to estimate the middle ear parameters accurately (Moller, 1965 ) .
Second, accurate knowledge of Z½ is crucial for the energy flow consideration in the forward and reverse directions.
The acoustic energy in the ear canal normally propagates toward the cochlea. There have been many observations made in the ear canal indicative of nonlinear, and perhaps active, acoustic emissions originating in the cochlea. These emissions result from a reverse energy flow from the cochlea to the ear canal. Examples include the cubic difference tones resulting from nonlinearities within the cochlea (Wilson, 1980; Kim et al., 1980; Fahey and Allen, 1985) , as well as spontaneous and evoked otoacoustic emissions observed by Kemp ( 1978 Kemp ( , 1979 , Zurek ( 1981 ), and others. The impedance mismatch at the cochlea-stapes boundary reflects back some of the acoustic emissions generated in the organ of Corti (Kemp, 1980) . The rest of the energy passes through the middle ear and appears in the ear canal. To estimate the reflection and transmission of energy at the cochlea-stapes interface, it is necessary to have a good model of the middle ear and of the cochlear input impedance.
The paper is organized as follows. In Sec. I we review previous models and measurements ofcochlear input impedance. In Sec. II we formulate the model equations. Section IIIA shows the effects of various cochlear maps on Z½. In Sec. III B, the effects of viscosity and the helicotrema on Z½ Table I. choices of parameter variations. In Sec. IV, Zc (co) for the cat, man, guinea pig, and the chinchilla are compared. A discussion of the results can be found in Sec. V, followed by a summary in Sec. VI. Figure 1 shows the Lynch et al. (1982) lumped network representation of the cochlear input impedance, which encompasses many previous models. It is an electrical analog of the mechanical system under consideration with voltage corresponding to pressure and current to volume velocity. In Table I fled sketch of the cochlea when it is uncoiled from its spiral shape. In Fig. 2 (a) , it is further assumed that the scala media is treated as part of the scalae vestibule. The two resulting chambers are separated by the organ of Corti, which is assumed to have a width/3(x). The scala vestibule area $v(X) and scala tympani area $r (x) are assumed to vary along the cochlear length. The distance x is measured from the stapes end. The basal end of the cochlea corresponds to x -0 cm and the apical end of the cochlea corresponds to x = x,• cm, where x,• is the total length of the cochlea. The scalae are divided into n s cylindrical segments, each of length A cm.
I. PREVIOUS WORK
Under the assumptions of conservation of fluid mass and momentum, we obtain long-wave expressions for the pressure and volume velocity.
A. Some definitions
In the formulation of our model equations, several different types of impedances and admittances are required. There are two basic types of velocities in acoustics, namely, particle velocity and volume velocity. The volume velocity is given as surface integral over the particle velocity. Frequently, an equivalent uniform distribution of velocity is assumed, in which case the volume velocity is defined as the area times the effective particle velocity. The two different types of velocity lead to two different types of impedance, which are called specific impedance, and acoustic impedance. The specific impedance is given as the ratio of the pressure difference divided by the particle velocity, and has units dyn --s/cm 3. 
Thus the total lossy transmission line acoustic admittance per unit length is found by adding the two admittances together:
The factor of 2 accounts for the admittance due to the two chambers.
Equation ( Fig. 2 (c) , the chain is started at the helicotrema end by assuming U(xr ) = 1. The unit volume velocity results in a pressure drop P(xr ) across Z• (co), the acoustic impedance of the helicotrema. Equation (8) (Allen, 1977) . In making these comparisons, we discovered a helicotrema boundary condition problem at low frequency. This will be further discussed in Sec. II J. With this exception, calculations of the cochlear input impedance and BM volume-velocity were identical for the two methods.
Referring to

H. Cochlear input impedance
The volume velocity that enters the stapes is UstAfp. By conservation of mass, this volume velocity is equal to the volume velocity entering the scala vestibule in the base ut, So. The cochlear acoustic input impedance is then calculated Fig. 7 to Fig. 8, we showed that the introduction of viscosity greatly reduces the low-frequency standing waves in a tapered cochlea. Figure 10 shows that changing the heli½o-trema boundary condition from SC to TI, in the zero viscosity case, has the effect of reducing the magnitude of the oscillation in Zc, but its effect is not as great as that due to viscosity alone. In addition, for frequencies below • 150 Hz, Z½ is resistance dominated in the viscous perilymph case and it is mass dominated when perilymph viscosity is zero. Introducing a TI boundary condition when perilymph viscosity is already present has little effect on Z½. We therefore conclude that in the tapered cochlea, the effects due to the viscous perilymph are more significant than the effects due to the acoustic impedance of the helicotretna. Unless otherwise stated, all further calculations of Zc will be assumed to be with •7 = 0.02 and Z h = SC. dent and is proportional to 1/x/• (see Appendix A). Thus, for a given tapering parameter s l, the cochlear input impedance will become more and more resistive as the frequency There is also a significant difference between the conclusions arrived at by the chain-matrix method and those of Koshigoe et al. For frequencies above m 150 Hz, we have presented evidence that the low-frequencies increase in IZcl is independent of viscosity and is due only to tapering. For frequencies below m 150 Hz, the phase indicates that Zc is resistance dominated due to presence of both viscosity and tapering, independent of the helicotrema impedance. Koshigoe et al., on the other hand, argue that it is viscosity alone that is responsible for the rise in IZcl below 500 Hz. 
The appropriate geometric representation
As mentioned previously, the most important parameter that affects the cochlear input impedance is the scalae area function. Thus, in this section, we further explore the effect of $(x) on Zc (co). Figure 12 shows the various area functions that we use next to calculate Zc (co). To our knowledge, the only anatomical measurement of the area function for the cat scala vestibule is one by Dallos (1970) The species-dependent physical parameters, including the BM stiffness at the base K •, are shown in Table II. A. Human impedance Our model calculations (Fig. 17) show that, below 1 kHz, the human cochlear input impedance slope is approximately 4 dB/oct, reaching a peak at 1.2 kHz of 1.24 MII. Between 1.2 and 10 kHz the model IZcl starts to decrease with an approximate slope of -6 dB/oct. In comparison, the cochlear input impedance magnitude measured on human temporal bones, is "flat" for 0.6 kHz <f< 2.2 kHz, and the mean value on 11 temporal bones is 0.7 MII at 1 kHz (Aritomo and Goode, 1987 ) . Estimates of the measurement error are not reported in (Aritomo and Goode, 1987) .Thus, at 1 kHz, our IZcl is higher than the measured data by a factor of 1.8 (5.1 dB).
B. Guinea pig impedance
The only reported measurements of guinea pig impedance have been by Dancer and Franke (1980) . Since phase measurements were not reported in that study, we compare our theoretical results with their magnitude measurements. Zc is lowest in magnitude, due to its relatively large scalae area, and the guinea pig Zc is largest in magnitude due to its relatively small scalae area. Since the human scalae area in the apical region is larger than the other animals, the viscous boundary layer is not as significant for human Zc as it is for the other animals at low frequencies (below m 150 Hz). Thus the human Zc is more mass-like than the other animals studied, as may be seen by the phase. The corresponding scalae areas are shown in Fig. 16 . The other model parameters are listed in Table II (•/- 
D. Interspecies comparisons
For stimulus frequencies below 10 kHz, it is observed that, of the four species studied, the human impedance is the lowest in magnitude, while the guinea pig impedance is highest in magnitude. For the most part, the human scalae area is greater than the other animals, and the guinea pig scalae area is smaller. These results are consistent with our previous observation (Fig. 9) that the impedance magnitude is inversely proportional to the scalae area.
Low-frequency effects
In the previous sections we concluded that the resistive behavior of Zc below • 150 Hz is due to the interaction of tapering with viscosity. Since the area in the apical region of the human cochlea is significantly larger than other cochleas, the viscous boundary layer thickness is less significant in the human cochlea; thus the human cochlear input impedance is not as resistive at low frequencies as the other animals studied.
High-frequency effects
For 10 kHz <f<fmax, where fmax = fCF (X = 0), there is a "dip" or decrease in the impedance for all four species. To our knowledge, this decrease in model impedance has not been previously observed. In all four cases, Zc abruptly becomes mass dominated for frequencies above fmax of the cochlear map. By modeling the cochlear input impedance, important insight has been gained regarding mechanisms of the cochlea. Specifically, we have shown that the scalae area function $(x) of the cochlea is important when one is interested in accurately calculating Zc (co). The effect of viscosity is significant for frequencies below those where the viscous boundary layer thickness is comparable to the radius of the scalae in the apical region. For the cat, chinchilla, and guinea pig, this occurred at approximately 150 Hz. The helicotrema boundary condition has been a point of conjecture in cochlear mechanics. We have shown that the helicotrema acous-tic impedance has an insignificant effect on Zc (to) in comparison to the effects of tapering and viscosity. We conclude that the helicotrema can be approximated as an acoustic short circuit without altering cochlear dynamic results, assuming tapering and viscosity are properly accounted for in the cochlear model. Traditionally, the helicotrema is considered to be the small hole at the apex of the cochlea. However, our model calculations show that, acoustically, the helicotrema extends well into the cochlea.
In answer to the question "What physical mechanisms give rise to Ro of Fig. 1," tions. In the realistic scalae area case, the magnitude of the reflections are much greater due to an increase in impedance mismatch between the scalae and the helicotrema. Although adding a tube impedance, for the helicotrema, affects the nature of the apical reflections, it fails to remove them. When perilymph viscosity is included in the model, two important effects are observed for frequencies below • 150 Hz: First, the impedance starts to become more and more resistive as frequency decreases and, second, the apical reflections have dissipated. These effects are due to the viscous boundary layer becoming comparable to the scalae radius in apical region of the cochlea. 
Lossy series impedance
The per unit length series acoustic impedance Z is given by (Benade, 1968 , Flanagan, 1983 Keefe, 1984) Z(x,co) = Rv (x,co) + sL(x,co) -sp/S(x) (1 --Fv), 
